Introduction
============

High resolution non-invasive imaging on live neonatal rodents is a highly desirable tool in neurological development studies, as it can provide full representation of 3D neuroanatomy and allow for longitudinal studies. The spatio-temporal maturation pattern of the rodent brain obtained using such neuroimaging methods affords valuable information in the identification of normal, as well as abnormal, brain developmental features. Magnetic resonance (MR) diffusion tensor imaging (DTI) is a quantitative and non-invasive imaging technique reflecting the magnitude and direction of water molecule diffusion in tissues. DTI offers a unique non-invasive window into the process of brain maturation (Le Bihan et al., [@B19]; Basser and Pierpaoli, [@B5]) using a set of water diffusion related parameters, including fractional anisotropy (FA), radial diffusivity (RD), axial diffusivity (AD), and mean diffusivity (MD). FA reflects water diffusion anisotropy due to the differences among diffusitivities along the three principal directions. As a result of the presence of orderly arranged axon and myelin sheaths within white matter fiber tracts, FA values are usually higher in white matter structures than surrounding brain regions. MD is an averaged measure of local water diffusivity.

Due to the presence of myelin sheaths and microstructural components of axons in white matter, water molecules move more freely along than perpendicularly to the long axis of the white matter fiber. This phenomenon is known as anisotropic diffusion. Though anisotropic diffusion can still be detected in a white matter dysmyelination mouse model (shiverer mice), it is significantly lower in the fixed brains of shiverer mice than that of wild-type (Tyszka et al., [@B38]). It has been suggested that both myelination and intact axon structures contribute to diffusion anisotropy (Mori et al., [@B22]; Neil et al., [@B25]; Zhang et al., [@B43]; Tyszka et al., [@B38]). Thus, data gleaned from DTI is directly linked to the anatomic organization and microstructural features of white matter fiber tracts (Basser et al., [@B4]); information that cannot be obtained through conventional MRI T1 or T2 images.

Aside from traditional DTI techniques, 3D high resolution DTI MRI (Adolph, [@B1]) on intact rodent brains provides a 3D characterization of tissue samples in a non-destructive way and therefore is free from sectioning-related artifacts (Mori et al., [@B22]) when compared to histological methods. Moreover, unlike the labor intensive histological methods, high resolution 3D DTI of the whole brain is obtained during one scan session and can be "sliced" in any orientation desired. Therefore, it potentially plays an important role in neonatal developmental studies (Neil et al., [@B26]; Mori et al., [@B22]; Zhang et al., [@B43]; Bockhorst et al., [@B7]). Since DTI MR imaging utilizes strong magnetic gradients to generate imaging contrast based on small water molecule diffusion, it is inherently extremely sensitive to motion induced artifacts. Furthermore, in order to acquire high resolution DTI images, historically, long acquisition times (\>10 h) have to be utilized for both diffusion and spatial encoding. These two major limitations make 3D DTI imaging difficult for live animals (Schick, [@B31]; Mori and van Zijl, [@B23]; Xue et al., [@B40]; Mori et al., [@B22]).

Thus far, most studies have been performed in *ex vivo* fixed brain specimen (Zhang et al., [@B43], [@B42]; Verma et al., [@B39]; Tyszka et al., [@B38]; Huang et al., [@B15]; Aggarwal et al., [@B3]; Jiang and Johnson, [@B16]). DTI imaging on live neonatal rodents offers many advantages over fixed brain specimen scans. First, it provides information in an authentic physiological environment without the effects of brain fixation. Second, it allows for a longitudinal follow-up study to probe the temporal change of brain development or disease progress in the same animals, leading to more statistical power without the need of sacrificing a large number of animals.

Currently, efforts have been made toward DTI imaging of live rodents. However, most of these studies are multi-slice 2D DTI imaging-based, using either conventional spin echo or echo planar imaging (EPI) spin echo sequences (Sun et al., [@B35], [@B34]; Chahboune et al., [@B8], [@B9]; Bockhorst et al., [@B7]; Kim et al., [@B17]). Compared with 3D acquisition mode, it is difficult to achieve less than 0.5 mm through-plane resolution in such images, due to the limitation of the radio-frequency (RF) excitation slice profile in 2D acquisition. For perspective, it has been demonstrated that 0.5 mm is in the range of the width of corpus callosum (from 0.327 to 0.751 mm) of 3-month Purdue-Wistar rats (Fitch et al., [@B13]). Many studies have shown that spatial resolution can affect the accuracy of FA calculation (Kim et al., [@B18]). Additionally, partial-volume-effects can lead to an underestimation of FA, and thus inaccurate assessment of spatio-temporal changes of white matter. This problem, which is exacerbated particularly in the neonatal rodent brain due to its small size, can be mitigated by high resolution 3D imaging. Thus far, only a few studies have successfully performed 3D DTI imaging in live adult rodent brains using a DTI rapid acquisition relaxation enhancement (RARE) based approach (Xue et al., [@B40]; Aggarwal et al., [@B3]). Due to the high respiratory rates of neonatals, it is even more challenging to achieve high resolution DTI in neonatal rat pups.

In this study, we have investigated tactics which may facilitate the acquisition of high resolution 3D DTI imaging in neonatal rats. We have found that an optimized 3D DTI RARE method, with motion and eddy current artifacts correction using twin navigator echoes phase correction strategy (Xue et al., [@B40]), can allow for a 3D DTI acquisition within a few hours (∼3 h). It has been suggested that mammalian neonatal can tolerate mild-to-moderate hypothermia and hypoxia when compared to their adult counterparts (Adolph, [@B2]; Singer, [@B33]). Thus, we used mild-to-moderate hypothermia to minimize motion artifacts in MR images by carefully suppressing the respiratory rate to 15/min for postnatal day 5 (PND5) and 30/min for PND14. In this paper, we explored the feasibility of acquiring high resolution 3D DTI images in live neonatal rats at two different ages using these strategies. Image quality and various DTI parameters of the live neonatal rat scans were compared with those of postmortem fixed brain scans at the same ages.

Materials and Methods
=====================

MRI pulse sequence
------------------

Conventional 3D Stejskal--Tanner spin echo DTI acquisition can achieve high resolution images. However, the long acquisition time (10 h or more) and highly motion-sensitive nature limit its usage mainly on postmortem imaging. Two major DTI acquisition approaches, diffusion weighed EPI/SPIRAL (DW--EPI/SPIRAL) and diffusion weighed rapid acquisition relaxation enhancement (DW--RARE) methods, can be employed to accelerate the acquisition time by a factor of 2--10 when compared to the conventional diffusion weighed spin echo pulse sequence (Turner and Lebihan, [@B37]; Muller et al., [@B24]; Schick, [@B31]; Mori and van Zijl, [@B23]; Pipe et al., [@B28]; Liu et al., [@B21]; Frank et al., [@B14]). By refocusing the echoes using a series of 180° RF pulses, the advantage of DW--RARE over the DW--EPI/SPIRAL pulse sequence is that it is less sensitive to signal loss and image distortion caused by the field inhomogeneity, a feature that is critically important for small-animal high resolution 3D DTI study using high magnetic fields (Pipe et al., [@B28]; Deng et al., [@B12]; Sarlls and Pierpaoli, [@B30]). However, motion artifacts augmented by the diffusion sensitizing gradients may degrade image quality through the different magnetization pathways generated by multiple 180° RF pulses for the DW--RARE method. Proper strategies need to be taken to minimize such artifacts.

Similar to the approach proposed by Mori and van Zijl ([@B23]), a 3D DTI RARE sequence with twin navigator echoes was implemented on a Bruker horizontal bore 9.4 T scanner (BioSpec 9.4/30 USR, Bruker Biospin, Billerica, MA, USA). A pair of diffusion gradients was applied around the first 180° RF pulse. The strength and direction of diffusion gradients were set according to the input *b* value and diffusion directions. Moreover, to remove the stimulated echo pathways that did not have correct diffusion encoding, crusher gradients with varying magnitudes and polarities were applied around each 180° refocusing RF pulse. The bandwidth of the 180° refocus RF pulse was set at two to three times larger than that of the excitation 90° RF pulse to minimize the stimulated echoes induced by the imperfect refocus pulse. Two navigator echoes were acquired after the imaging echoes to correct for motion and eddy current artifacts (Mori and van Zijl, [@B23]). The acquisition parameters were: TR = 700 ms; the first RARE echo was assigned to the k-space center, effective TE = 23.662 ms; RARE echo spacing = 11.9 ms.

The total imaging time is inversely proportionate to the RARE factor. However, we cannot use a very high RARE factor in this DTI RARE sequence due to the fact that the stimulated echo pathway in high RARE factor readout becomes more complex and difficult to be removed, leading to the poor image quality. Using phantom studies, we empirically determined that a RARE factor of three yields a good trade-off between acquisition speed and sharpness of images for *in vivo* neonatal animal scans.

Diffusion gradient duration δ = 6.5 ms, diffusion gradient separation Δ = 12.72 ms, field of view (FOV) = 27 mm × 19.2 mm × 11 mm, matrix size = 180 × 128 × 55, the resolution = 0.15 mm × 0.15 mm × 0.2 mm, readout direction: H--F, phase encoding direction: L--R, slab encoding direction: A--P. The twin navigator echoes were used to correct for the phase incoherence between the odd and even echoes to alleviate the motion and eddy current effects (Mori and van Zijl, [@B23]). A 72-mm volume coil and a surface coil were used for RF transmission and signal receiving, respectively, under an actively decoupled cross-coil routine mode. Finally, the data was interpolated to the final matrix size 360 × 256 × 128 to achieve a nominal spatial resolution around 0.075 mm × 0.075 mm × 0.1 mm.

*In vivo* animal scan
---------------------

This methods described were designed for a study (P01DA022446) to determine how the effect of prenatal cocaine exposure may affect a rat pup's brain development. The animal scanning protocol was approved by Institutional Animal Care and Use Committee (IACUC) of University of North Carolina at Chapel Hill. Twelve Sprague-Dawley PND5 (average weight 9.6 ± 1.1 g) and 30 PND14 (average weight 32.3 ± 2.3 g) rats were studied. Male and female subjects were in pairs from the same litter. Anesthesia was induced using 3% isoflurane mixed with oxygen. For maintaining anesthesia in neonatal rats, isoflurane level was adjusted in the range of 0.6--1.5 to keep the respiratory rate within a target range. The body surface of PND5 pups was covered in 100% pure petroleum jelly (Vi-Jon Laboratories, Inc, St. Louis, MO 63114, USA) to prevent skin dehydration during image acquisition. The lower jaw of PND5 pups was secured to reduce the bulk of the motion, and reinforced by padding around the head. The room temperature of the MR scanner room was set at 22°C. Animal respiration and surface body temperature were continuously monitored using a MR compatible small-animal monitoring system SAII 1025L (SAII Instruments, Inc, Stony Brook, NY 11790, USA). In this study, body surface temperatures were obtained from abdomen region, and maintained in the range of 24--26°C and 33°C for PND5 and PND14 pups, respectively, using a circulating water heating system. Thus, since the normal body surface temperature of rat pups ranges from 35 to 37°C, the PND5 and PND14 pups were under moderate and mild hypothermic conditions, respectively. Respiratory rates were maintained at about 15/min and 30/min in PND5 and PND14 pups, respectively. A mouse head surface coil and a rat head phase array surface coil were used for imaging PND5 and PND14 rat pups, respectively. Six non-collinear diffusion encoding directions with *b* = 1000 s/mm^2^ images and one baseline reference *b* = 0 image were acquired for the *in vivo* DTI scans. The diffusion *b* values were set to 1000 s/mm^2^ for the *in vivo* scans. The total scan time was 3 h 10 min, which is reduced by a factor of three compared to conventional DW--SE pulse sequences used to acquire the same resolution DTI images.

Postmortem fixed brain scan
---------------------------

Tissues were collected from both PND5 and PND14 rats following standard cardiac puncture perfusions while under anesthesia \[150 g/kg sodium pentobarbital (sigma)\], first with 1.5 mL/min phosphate-buffered saline (PBS) followed by 1.5 mL/min 4% paraformaldehyde. The intact head was then excised and placed in 4% paraformaldehyde. The specimens were placed in PBS solution and stored at 4°C at least 12 h before MR imaging. All fixed tissue was equilibrated to room temperature for several hours prior to imaging of the whole head. The sample temperatures were measured to be 21 ± 0.2°C. Similar acquisition parameters of 3D DTI RARE pulse sequence were used for DTI acquisition in fixed brain specimen. In total, one baseline reference scan and 21 diffusion encoding directions were utilized. Since the paraformaldehyde fixation reduces water mobility in tissue (Sun et al., [@B35], [@B34]), a higher *b* value (*b* = 1600 s/mm^2^) was utilized for the postmortem fixed brain DTI. The fixed brains were scanned at room temperature and the total image acquisition time was about 10 h.

Comparison between *in vivo* and *ex vivo* scans
------------------------------------------------

Since the postmortem scans were free of physiological motion-related artifacts, these scans were used to quantitatively evaluate the image quality of the *in vivo* scans. Two independent raters performed their evaluation by examining the extent of motion artifact, signal loss in images, overall noise, and other artifacts in multiple brain regions. Using the fixed brain specimen DTI scans as references, *in vivo* DTI images with very little motion artifact, negligible ringing artifact, and little or no signal loss were rated good, or otherwise rated poor. Scan successful rate was defined as the ratio of good data set to total data set.

The signal to noise ratio (SNR) in the *b* = 0 reference and diffusion scans was computed and compared between images acquired from the *in vivo* and *ex vivo* scans. The chemical fixation procedure changed many tissue MR properties, including T1, T2, and ADC, leading to altered MR signal intensity in the images of the fixed postmortem brains (Sun et al., [@B35], [@B34]; Yong-Hing et al., [@B41]; Shepherd et al., [@B32]). Taking these factors into consideration in the SNR comparison, we computed the adjusted SNR for the *ex vivo* fixed brain as SNR~adjusted~ = *S*~adjusted~/σ, where σ is the SD of the background Gaussian noise, and *S*~adjusted~ is the adjusted MR signal. The adjust MR signal is computed as
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where S is the measured MR signal from the postmortem brain, and the subscripts "fixed" and "live" refer to the MR properties for the fixed and live tissues, respectively.

Assuming a *D*~live~ of 1 × 10^−3^ mm^2^/s, a *T*1~live~ of 1800 ms, a *T*2~live~ of 40 ms and a proton density *M*0~live~ of 1.0 for the *in vivo* scans, and a *D*~fixed~ of 0.3 × 10^−3^ mm^2^/s, a *T*1~fixed~ of 1400 ms, a *T*2~fixed~ of 32 ms and a proton density *M*0~fixed~ of 0.85 for the *ex vivo* scans using previously published literature values (de Graaf et al., [@B11]; Shepherd et al., [@B32]), we computed SNR~adjusted~ for the *ex vivo* images. A two tail *t*-test was used to compare FA, MD, and SNR between the *in vivo* and *ex vivo* scans.

All DTI data were processed using DTI Studio software ([www.mristudio.org](www.mristudio.org)). MD and FA were computed using ROIs ranging from 20 to 24 pixels (0.0113--0.0135 mm^3^), placed in the genu of corpus callosum (gcc), body of corpus callosum (bcc), splenium of corpus callosum (scc). DTI tractography was performed using the gcc ROI as the seed point, and the tracking algorithm was terminated when the FA value was below 0.25. The allowed maximum turn angle for adjacent voxels was set to 70° to minimize the occurrence of spurious fiber orientations caused by noise.

Results
=======

All PND5 and PND14 rat pups recovered 10--30 min after MR scans (∼3.5 h) with a zero mortality rate. Representative *in vivo* images and *ex vivo* brain DTI images are demonstrated in Figure [1](#F1){ref-type="fig"} and the computed diffusion indices, such as FA and MD are shown in Figure [2](#F2){ref-type="fig"}. The two independent raters had the same ratings in 40 out of a total of 42 scans (a 95.2% agreement). For the two cases that two raters initially disagreed, consensus was reached after discussion. After reaching consensus, images acquired from 10 out of 12 PND5 and 27 out of 30 PND14 rats were rated as "good," resulting in success rates of 83 and 90% for the PND5 and PND14 pups, respectively. Though the overall image quality of the *in vivo* scans was comparable to that of the *ex vivo* scans, more ringing artifacts were observed in the *b* = 0 and diffusion weighted raw images as demonstrated in Figure [1](#F1){ref-type="fig"}. However, these remaining artifacts have very little effect on DTI indices as shown in Figure [2](#F2){ref-type="fig"}.

![**The comparison of *b* = 0 and diffusion weighted images between the *ex vivo* scan and the *in vivo* scans**. **(A)** *Ex vivo* baseline *b* = 0 image; **(B)** *ex vivo* diffusion weighted image; **(C)** *in vivo* baseline *b* = 0 image; **(D)** *in vivo* diffusion weighted image. The axial, sagittal, and coronal plane images are shown clockwise.](fpsyt-02-00054-g001){#F1}

![**The comparison of FA and MD maps between the *ex vivo* and the *in vivo* scan**. **(A)** *Ex vivo* baseline image. **(B)** *Ex vivo* diffusion weighted image **(C)** *in vivo* baseline image **(D)** *in vivo* diffusion weighted image. The axial, sagittal, and coronal plane images are shown clockwise.](fpsyt-02-00054-g002){#F2}

As shown in Figure [2](#F2){ref-type="fig"}, major white matter fibers depicted in the FA maps were similar between the *in vivo* and the *ex vivo* scans. Conversely, the contrast between gray and white matter was more pronounced in the *ex vivo* than in the *in vivo* MD images, suggesting that MD had a greater reduction within white matter during the chemical fixation.

Figure [3](#F3){ref-type="fig"} demonstrates the efficacy of motion correction using the twin navigator echoes. Due primarily to respiration and pulsatile motion of large blood vessels near the ventral side, it was expected that more motion artifact might occur in slices close to the ventral side (Figure [3](#F3){ref-type="fig"}C) when compared to the dorsal side of the head (Figure [3](#F3){ref-type="fig"}A). After the twin navigator echo motion correction, signal loss was recovered, and the background noise was reduced as marked by the arrows in Figures [3](#F3){ref-type="fig"}B,D. Though DTI image quality has been improved after the dual echo navigator correction, some residual motion artifacts can still be observed.

![**The comparison before and after twin navigator echo correction**. **(A)** A slice of the dorsal side before **(A)** and after **(B)** correction; **(C)** a slice of the ventral side before **(C)** and after **(D)** correction. Motion artifacts were minimized after the twin navigator echo correction as marked by the arrow.](fpsyt-02-00054-g003){#F3}

Tables [1](#T1){ref-type="table"} and [2](#T2){ref-type="table"} shows the FA and MD values from the *in vivo* and *ex vivo* scans in several anatomical regions: gcc, bcc, scc. There was no statistically significant difference in the FA value between the *in vivo* and the *ex vivo* scans, while MD values were significantly lower (*P* \< 0.05) in the *ex vivo* scans, in agreement with previous findings (Sun et al., [@B35], [@B34]). Moreover, there was no significant difference between the SNR of the *in vivo* scans and the adjusted SNR of the *ex vivo* scans for both the baseline and diffusion weighted images, as shown in Table [3](#T3){ref-type="table"}.

###### 

**Fractional anisotropy comparison between the *in vivo* and the *ex vivo* scans for PND5 and PND14 rat pups**.

  -----------------------------------------------------------------
        PND5\          PND5\          PND14\         PND14\
        (*in vivo*)    (*ex vivo*)    (*in vivo*)    (*ex vivo*)
  ----- -------------- -------------- -------------- --------------
  GCC   0.73 ± 0.034   0.74 ± 0.022   0.78 ± 0.053   0.80 ± 0.029

  BCC   0.55 ± 0.039   0.56 ± 0.028   0.56 ± 0.086   0.58 ± 0.042

  SCC   0.79 ± 0.037   0.80 ± 0.019   0.81 ± 0.045   0.81 ± 0.021
  -----------------------------------------------------------------

*Fractional anisotropy values were not significantly different between the *in vivo* and *ex vivo* scans*.

###### 

**Mean diffusivity (unit: 10^−3^ mm^2^/s) comparison between *in vivo* and *ex vivo* scans for PND5 and PND14 scans**.

  -------------------------------------------------------------------------
        PND5\             PND5\           PND14\            PND14\
        (*in vivo*)       (*ex vivo*)     (*in vivo*)       (*ex vivo*)
  ----- ----------------- --------------- ----------------- ---------------
  GCC   0.970 ± 0.053\*   0.284 ± 0.022   0.734 ± 0.047\*   0.233 ± 0.018

  BCC   1.120 ± 0.089\*   0.394 ± 0.047   0.884 ± 0.086\*   0.344 ± 0.031

  SCC   0.930 ± 0.055\*   0.293 ± 0.026   0.865 ± 0.045\*   0.277 ± 0.028
  -------------------------------------------------------------------------

*Significant differences were found in MD between the *in vivo* and the *ex vivo* scans (\**P* \< 0.05)*.

###### 

**Signal to noise ratio comparison between the *in vivo* and the *ex vivo* DTI scan**.

  -------------------------------------------------------------
                              SNR for\     SNR~adjusted~ for\
                              *in vivo*    *ex vivo* scans
  --------------------------- ------------ --------------------
  *b* = 0 reference images    24.3 ± 3.4   29.4 ± 2.39

  Diffusion weighted images   8.3 ± 3.4    10.447 ± 0.865
  -------------------------------------------------------------

*No significant difference was observed between the *in vivo* SNR and the adjusted SNR of the postmortem fixed *ex vivo* scans in both baseline and diffusion images*.

Figure [4](#F4){ref-type="fig"} shows the fiber tracking results in live and postmortem fixed brain DTI images. The major fiber bundle of corpus callosum can be readily obtained in PND5 and PND14 live DTI images. The tracked fibers showed very similar patterns between the *in vivo* and the *ex vivo* scans for both the PND5 and PND14 groups.

![**Fiber tractography obtained from the *in vivo* and the *ex vivo* PND5 and PND14 pups**.](fpsyt-02-00054-g004){#F4}

Discussion
==========

Recent studies have shown that a Periodically Rotated Overlapping ParallEL Lines with Enhanced Reconstruction (PROPELLER) and its recent modified form with split acquisition of fast spin echo signal for diffusion imaging (SPLICE) pulse sequence techniques (Schick, [@B31]; Deng et al., [@B12]) are intrinsically motion insensitive because these methods are self-navigated. These techniques have been successfully applied for abdominal DTI study. Though this is a very promising technique, it has several limitations. First, 1.5 times longer image acquisition time is needed for PROPELLER acquisition compared with conventional sampling for a 2D acquisition (Pipe et al., [@B28]). To achieve a high resolution 3D DTI, blade sampling needs to be performed on a 3D sphere, resulting in a dramatically increased image acquisition time. Second, non-Cartesian k-space sampling is utilized in PROPELLER and SPLICE methods. The k-space regridding is usually required for image reconstruction and any system imperfection will cause image blurring by degrading the point spread function of k-space. In contrast, the DTI RARE sequence uses multiple 180° pulses to refocus the signal and a Cartesian k-space sampling is obtained. This approach is not sensitive to geometric distortion and signal reduction caused by background susceptibility artifacts. The image reconstruction is straightforward and rapid. The disadvantage of DTI RARE is its sensitivity to motion artifacts. By physically suppressing the respiratory motion using hypothermia together with twin navigator echo motion correction, we have demonstrated that high quality DTI images can be obtained *in vivo* from rat pups. In our study, the experimentally measured SNR of *in vivo* scans is only slightly lower than that of the *ex vivo* scans, further indicating that the image quality of the *in vivo* rat pup scans are comparable to that of the postmortem fixed *ex vivo* brain scans.

Diffusion encoding directions
-----------------------------

In this study, we used 21 and 6 non-collinear diffusion gradient directions for the *ex vivo* and *in vivo* scans, respectively. More diffusion encoding directions could be used for the *in vivo* study if a longer DTI image acquisition time was possible. Six diffusion encoding directions is the least number of directions for DTI computation assuming a simple ellipsoid tensor model. It does not provide sufficient information to resolve fiber crossing in DTI. The high angular resolution diffusion imaging (HARDI) approach has been proposed to overcome this problem by using a large number of diffusion encoding directions at an expense of increasing the imaging acquisition time (Tuch et al., [@B36]). We only performed a six diffusion encoding acquisition for *in vivo* scans due to the following reasons. First, we needed to obtain high resolution 3D DTI images with a time constraint of a few hours to reduce the risk of damaging the very young rat pups. Second, based on the established white matter atlas in both human and rodents (Chuang et al., [@B10]; Nowinski et al., [@B27]), the white matter tracks in rodent brain do not have as many fiber crossing regions as those in human brain. Third, our study mainly focused on major white matter regions in which fiber crossing is less likely to be found. We qualitatively compared the tracked fiber within major white matter regions such as corpus callosum between the *in vivo* and the *ex vivo* scans. We have found that major white matter fibers in both PND5 and PND14 pups can be readily obtained from the *in vivo* scans using less than one-third of the data acquisition time/diffusion encoding directions when compared to the *ex vivo* fixed brain scans. This suggests that the imaging acquisition tactics developed in this study can be utilized to acquire DTI images in live rat pups reliably and consistently.

Motion correction
-----------------

We adopted the twin navigator echo navigator method developed by Mori and van Zijl ([@B23]) to alleviate the motion effect in our 3D DTI RARE sequence. This approach assumes a constant phase variation between the odd and even echoes induced by motion or eddy current. As demonstrated in Figure [3](#F3){ref-type="fig"}, image quality has been improved with recovered signal and reduced noise after the correction. However, since the assumption of constant phase variation between odd and even echoes did not always hold true in the *in vivo* scans, residual motion artifacts were still observed, as shown in Figure [3](#F3){ref-type="fig"}. To further minimize the motion artifacts, 2D navigator correction (Porter and Heidemann, [@B29]) may be explored in the future.

We did not use respiratory gating to minimize motion effects for several reasons. The TR of the 3D DTI RARE sequence was kept relatively short (700 ms) to achieve a 3-h total acquisition time and respiratory gating may lengthen image acquisition quite substantially. The respiratory rate of a neonatal rat pup may change during the 3-h acquisition window, leading to variations in the effective TR. If TR is short (as in our study), these variations are not negligible, and can result in signal variations and inaccurate calculation of DTI indices. In our study, we found that respiration gating did not yield good quality images if the respiratory rate is high. On the other hand, suppressing respiratory rates without gating was adequate to achieve virtually motion artifacts free images.

It is more challenging to acquire high quality 3D DTI images in live PND5 pups compared to PND14 rats. It has been suggested that mammalian neonatal can tolerate severe hypoxia and hypothermia for a longer time compared to their adult counterparts (Adolph, [@B2]; Singer, [@B33]). In a study investigating the survival rate of neonatal rats in a pure nitrogen environment (Adolph, [@B2]), Adolph demonstrated that 0 to 5-day-old rats could survive in such an environment for 1--2 h when the colonic temperature was cooled down to 8--10°C, while in 11 to 16-day-old rats, the optimal body temperature for survival increased to 20°C and endurance time decreased to 0.5 h. These findings provided the base of utilizing hypothermia for PND5 DTI. The neuroprotective effects of the mild-to-moderate hypothermia have been firmly established (Adolph, [@B2]; Blackmon and Stark, [@B6]). Additionally, hypothermia reduces the metabolic rate and further minimizes physiological motion. In our study, we found that a low level of isoflurane (0.6--0.8%) in conjunction with hypothermia was sufficient to keep most PND5 pups under anesthesia and to maintain a respiratory rate around 15/min.

Other issues
------------

The direct advantage of improving the resolution is to reduce the partial volume effect, making the diffusion indices calculation more accurate. Lee et al. ([@B20]) reported much lower FA values in major white matter using low resolution DTI images (∼1 mm in plane and 0.5 through-plane resolution) at 1.5 T. They correctly ascribe it to the partial volume effect. The mean FA values of corpus callosum in our study are higher than those in a brain development study to investigate the temporal change of DTI indices from PND0 to PND56 rats reported by Bockhorst et al. ([@B7]) using a spatial resolution of 0.27 mm × 0.27 mm × 0.5 mm.

A higher RARE factor could further increase the speed of image acquisition. However, the stimulated echo pathway becomes more complex and more difficult to be removed along with an increase of RARE factor, leading to the poor image quality. In an empirical phantom study, we found that a RARE factor of three was a good trade-off between acquisition speed and sharpness of images for *in vivo* neonatal animal scans (data not shown). To further improve the speed of the image acquisition, a 3D diffusion weighed gradient and spin echo (3D DW--GRASE) could be implemented. The GRASE sequence is a combination of segmented EPI and fast spin echo, interleaving the short EPI echo readout train with RF refocusing pulses. A 3D DW--GRASE provides a compromise between signal loss due to the field inhomogeneity in gradient echoes and the interference of stimulated echoes by refocus RF pulses in spin echoes. Aggarwal et al. ([@B3]) have explored a DW--GRASE approach that yields a four times acceleration using two refocus pulses and two gradient echoes.

Conclusion
==========

In this study, we have demonstrated that an optimized 3D DTI RARE approach and an appropriate animal setup minimizing respiration motion are the keys to achieving high quality 3D DTI images in live animals. Taking advantage of the distinct physiological characteristic that neonatal rats can survive low body temperatures, we have demonstrated that mild-to-moderate hypothermia can be utilized to suppress physiological motion artifacts to achieve good quality DTI images.
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